Aims/hypothesis Type 1 diabetes is a T cell-mediated autoimmune disease with a clinically silent prodrome, during which prediction and treatment of disease are theoretically possible. Using retrospective analysis, spontaneous disease in the non-obese diabetic (NOD) mouse has been correlated with islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP)-reactive CD8 + T cells in the peripheral blood. In this study, we determined prospectively whether IGRP-reactive T cells in peripheral blood could predict disease occurrence. Since recurrent autoimmunity is an important contributor to transplant failure, we also determined whether failure of islet grafts (syngeneic and allogeneic) could be predicted by the presence of circulating autoreactive T cells. Materials and methods Peripheral blood samples were taken weekly from female NOD mice between the ages of 8 and 30 weeks and from NOD mice transplanted with NODscid islets. Peripheral blood cells and islet grafts were analysed for the presence of IGRP-reactive CD8 + T cells by flow cytometry. Results Prospective analysis of peripheral blood IGRPreactive T cells in the prediabetic period predicted disease development with a sensitivity of 100% and a specificity of 60%, resulting in positive and negative predictive values of 85 and 100%, respectively. Significant proportions of IGRP-reactive T cells were found in the grafts, but not in peripheral blood of NOD mice undergoing syngeneic and allogeneic rejection. Conclusions/interpretation The occurrence of spontaneous diabetes can be predicted prospectively by measuring peripheral blood autoreactive T cells. Rejection of syngeneic or allogeneic islets is associated with large populations of autoreactive CD8 + T cells within islets, suggesting that immunodominant autoreactive T cells during the prediabetic period are also responsible for autoimmune graft rejection.
Introduction
In spontaneous immune-mediated diabetes, pancreatic islet beta cells are selectively targeted and destroyed by autoreactive T cells. The initiation and propagation of disease are a consequence of the combined actions of self-reactive CD4 + and CD8 + T cells, with increasing evidence pointing to an important role for CD8 + cytotoxic T lymphocytes (CTL) in the destruction of beta cells, both in humans and in the non-obese diabetic (NOD) mouse model of the disease [1] . In the NOD mouse, three CTL specificities with in vivo pathogenicity have been identified. These CTL recognise peptide sequences from the insulin B chain [15] [16] [17] [18] [19] [20] [21] [22] [23] (G9C8 clone) [2] , islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP 206-214 ; 8.3 clone) [3] and dystrophia myotonica kinase (AI4 clone) [4] . Together, these CTL populations constitute a large proportion (up to 60%) of the CD8 + T cells within the pancreatic islets of prediabetic NOD mice [4, 5] .
The clinical onset of human type 1 diabetes is generally preceded by an asymptomatic phase during which islet beta cell mass decreases. This phase represents a window of opportunity for disease prediction and testing of potential therapeutic interventions. After tracking IGRP 206-214 -reactive T cells with MHC class I tetramers in the peripheral blood of prediabetic NOD mice and using a retrospective analysis, we have previously shown that disease outcome could be predicted on the basis of the frequency of circulating IGRP 206-214 -reactive CD8 + T cells [5] . Our study demonstrated that mice that subsequently went on to develop diabetes had a significantly higher proportion of IGRP 206-214 -reactive T cells in the peripheral blood many weeks prior to disease onset than mice that remained diabetes-free. Prospective validation of these previously established prediction criteria would make such an approach more valuable in disease prediction.
In addition to prediction of spontaneous disease, the ability to predict rejection of beta cell grafts would be useful for monitoring islet transplant recipients. Beta cell replacement by islet transplantation has shown promise as therapy for individuals with type 1 diabetes [6] , and with the advent of the Edmonton protocol [7] , the clinical feasibility of islet transplantation has been realised [8] . The mechanisms underlying graft failure are not fully known, but probably involve both alloimmune rejection of the graft, autoimmune destruction of beta cells and primary graft non-function [9] . At present, assessment of islet graft health following islet transplantation is difficult, and surrogate measures such as C-peptide production and insulin requirements are commonly used for monitoring graft health and survival [8] . The ability to directly assess the activity of beta-cell-reactive T cells could provide an elegant and sensitive means of determining the level of ongoing autoimmune-mediated beta cell damage within transplanted tissue.
We postulated that an increase in the prevalence of circulating IGRP-reactive CD8 + T cells occurs not only during the development of spontaneous diabetes, but also as islet grafts are destroyed, allowing for prediction of both spontaneous diabetes and islet graft failure. In the present study, we sought to validate our criteria for prospective prediction of diabetes in the NOD mouse, with a view to stratifying mice a priori into control and treatment arms for testing efficacy of preventive interventions. We also sought to determine whether recurrent diabetes and graft failure following islet transplantation were predictable based on the presence of IGRP 206 -214 -reactive T cells in the peripheral blood.
Materials and methods
Mice NODltj, NODscid, BALB/C and C57BL/6 mice were purchased from The Jackson Laboratories (Bar Harbor, ME, USA) and maintained in a specific pathogen-free animal facility. Animal experiments were performed in accordance with the guidelines of the Animal Care Committee, University of British Columbia. Mice were considered diabetic following two consecutive blood glucose measurements of >17 mmol/l. Diabetic mice were maintained with 0.5 U/day of Humulin NPH (Eli Lilly Canada, Toronto, ON, Canada) or with LinBit insulin implants (LinShin Canada, Toronto, ON, Canada).
Blood collection and tetramer staining Beginning at 8 weeks of age, blood (130 μl) was sampled weekly from the femoral vein into heparinised capillary tubes. Blood was processed, stained and analysed by flow cytometry as previously described [5] . Briefly, erythrocytes were lysed and the remaining cells were stained with K d -NRP-V7 or Transplantation Islets were isolated from 8-to 12-week-old mice by perfusion of the common bile duct with collagenase (type XI; Sigma-Aldrich, Oakville, ON, Canada), followed by density gradient centrifugation. A total of 550 islets were transplanted under the kidney capsule of diabetic NOD recipients. In order to assess the composition of the transplanted islets following graft failure, grafts were removed within a margin of renal tissue, and a single-cell suspension was generated by mechanical dissociation, followed by incubation in 2 ml of Cell Dissociation Buffer (Gibco-BRL, Invitrogen, Burlington, ON, Canada) for 8 min at 37°C. Cells were then stained and analysed as described above. + T cells [10] . The proportion of NRP-V7-positive CD8 + T cells over the course of 30 weeks is shown for representative mice in Fig. 1a -h, with averaged data shown in Fig. 1i . Based on previous findings, the following criteria were used for prediction of disease development: (1) Over the course of 30 weeks, 22 of 32 mice developed diabetes (incidence=69%). Of the mice that went on to develop diabetes, all were predicted to do so based on one or both criteria above (Fig. 1, Table 1 ). Of the ten mice that + cells is shown for the three groups: (1) animals that were predicted to and did actually develop diabetes (circle, solid line); (2) animals that were predicted to develop diabetes but remained non-diabetic (triangle, dashed line); and (3) animals that were not predicted to develop diabetes and subsequently remained disease-free (square, solid line) remained diabetes-free, four had been identified as prediabetic based on the prediction criteria, resulting in a prediction test sensitivity and specificity of 100 and 60%, respectively. Of 26 mice predicted to develop diabetes on the basis of satisfying either criterion, 22 actually did develop diabetes, resulting in a positive predictive value (PPV) of 85%. All mice that were not predicted to develop diabetes (6/6) remained diabetes-free for the duration of the study period (negative predictive value [NPV]=100%). Diabetes outcome using the outlined prediction criteria is shown in Fig. 2 . Table 1 shows the predictive values for diabetes development using a variety of different criteria.
Results

Prospective prediction of spontaneous diabetes
Prediction of recurrent autoimmune diabetes following islet transplantation Peripheral blood of prediabetic female NOD mice was monitored weekly, beginning at 8 weeks of age, for the presence of IGRP-reactive CD8 + T cells using K d -NRP-V7 tetramers. As mice became diabetic, they were maintained with exogenous insulin. Four to six weeks following the onset of diabetes, insulin was discontinued and pancreatic islets derived from NODscid donors were transplanted under the kidney capsule of diabetic mice. Following transplantation, peripheral blood was again monitored for the presence of IGRP-reactive CD8
+ T cells at 24 h and then each 48 h thereafter. Islet grafts were removed at various time points post-transplantation to determine the number of IGRPreactive CD8 + T cells within the graft itself. As described previously, large populations of IGRPreactive CD8 + T cells were observed in the peripheral blood prior to diabetes onset, with a dramatic decline in number following the onset of hyperglycaemia [5] . One week prior to transplantation (4 to 6 weeks following the onset of hyperglycaemia), the number of IGRP-reactive CD8 + T cells in the peripheral blood was much lower than in prediabetic animals, ranging from 0.03 to 0.09% (Fig. 3) . Following islet transplantation, no significant increase in the number of IGRP-reactive CD8 + T cells was seen in the peripheral blood on days 1, 3, 5, 7 or 9 post-transplantation ( Fig. 3a-f,i) . Immediately prior to graft failure, there was a slight tendency for the number of autoreactive CD8 + T cells to increase (Fig. 3i) ; however these increases were small and inconsistently observed.
Following graft failure, islet grafts were removed from the kidney capsule and examined, and a significant proportion of IGRP-reactive CD8 + T cells was detected in the graft. The majority of grafts were removed on the first or second day following graft failure (ranging from day 6 to 9 post-transplantation; Table 2 ). Up to 51% of the CD8 + cells within the islet graft were IGRP-reactive as indicated by bright K d -NRP-V7 tetramer staining (Fig. 3g,h ), a proportion significantly higher than the islet infiltration that is seen during spontaneous disease [4, 5] . The amount of IGRP-reactive CD8 + T cells within the grafts ranged from 9.8 to 51.5%, with a mean of 21.7% (Fig. 3j, Table 2 ). The grafts of animals that never attained normoglycaemia following transplantation were indistinguishable from those of animals that did, containing comparable numbers of IGRP-reactive CD8 + T cells within the graft (Table 2) . + cells determined in the peripheral blood pretransplantation (−1 week, n=8) and post-transplantation (day [d]1, n=8; d3, n=4; d5, n=7; d7, n=4; d8, n=1; d9, n=3) and found ( j) to have infiltrated the islet grafts (n=10). The data shown are the percentage K d -NRP-V7 tetramer + CD8 + B220 − (minus control) ±SEM
Expansion of IGRP-reactive T cells in islet allografts
An increase of IGRP-reactive CD8 + T cells was also seen when islets from BALB/C (H-2 d ) mice, matched for MHC class I but not class II, were used as donors ( Fig. 4a,b ; Table 2 ). As many as 14.3% of CD8 + T cells (mean=6.8%) infiltrating allografts of BALB/C islets in diabetic NOD recipients were IGRP 206-214 -reactive. Interestingly, even when completely (MHC class I and II) mismatched (C57BL/6, H-2 b ) mice were used as donors, a significant infiltration of the graft with IGRP-reactive CD8 + T cells was still observed (Fig. 4c,d ; Table 2 ). IGRP 206 -214 -reactive cells comprised up to 14% (mean=5.8%) of all CD8 + T cells in grafts of C57BL/6 islets in diabetic NOD recipients at the time of graft rejection.
Discussion
Based on previously established prediction criteria [5] , we were able to prospectively identify prediabetic mice 6.5± 3.6 weeks prior to onset of hyperglycaemia by quantifying IGRP 206-214 -reactive CD8 + T cells in peripheral blood. The varying and unpredictable incidence of diabetes in this animal model has thus far limited effective testing of preventative therapies in prediabetic NOD mice. Given the high positive predictive value (85%) of this methodology, these criteria could be used to assign animals to treatment and control groups when assessing treatment or prevention protocols in NOD mice, knowing with confidence that the large majority of predicted mice will develop diabetes. Use of this predictive test prior to initiation of a therapeutic intervention could greatly increase the power of a prevention trial to assess the efficacy of that intervention. Although only a few MHC class I epitopes have been identified in human type 1 diabetes [11, 12] , and tetramer staining of circulating beta-cell-reactive CD8 + cells in diabetic humans has been limited [13] , this approach may have even greater potential in human prevention trials, where the cost of such trials is increased by the relatively low prevalence (50% 5-year incidence) of disease in cohorts [14] .
The averaged data of tetramer positivity (Fig. 1i ) indicate that differences between mice that go on to develop diabetes and those that remain diabetes-free are most marked prior to 16 weeks of age. Further analysis of Fig. 1i revealed that those mice predicted to develop diabetes using the original predictive criteria, but which ultimately remained disease-free, would not have been incorrectly predicted had data prior to 16 weeks been used rather than for the entire period to 30 weeks. Therefore, for purposes of testing the efficacy of diabetes prevention or intervention therapies, one could choose to maximise the PPV by requiring that mice achieve one of the stated prediction criteria by 15 weeks of age, thereby excluding those animals that have single readings of >0.50% tetramer positivity after 15 weeks of age. This strategy results in slightly lower sensitivity (91%), but with an increased specificity of 80% and a PPV and NPV of 91 and 80%, respectively. Depending on the sensitivity, specificity or predictive values that best suit a given experimental design, one can choose the appropriate prediction criteria, alone or in combination (Table 1) .
These data confirm the importance of IGRP 206-214 -reactive CD8 + T cells for development of spontaneous diabetes in the NOD mouse, and as a powerful determinant of diabetes development. Despite recent data demonstrating that prediabetic NOD mice exhibit unique patterns of CD8 + T cell specificities within pancreatic islet infiltrates at different times throughout the natural history of disease [4] , these data indicate that, in mice going on to develop diabetes, the contribution of IGRP-reactive T cells is sufficient to justify using this population alone as a reliable disease predictor. It is possible that quantification of other beta-cell-reactive CD8 + T cell populations in the circulation may also be sufficient or may further enhance the predictive power of this approach.
Recurrent autoimmunity is an important contributor to graft failure in human recipients of islets from partially matched HLA donors, as suggested by studies showing that mismatched grafts subject only to allogeneic rejection experience better outcomes [15, 16] . The ability to predict and prevent recurrent autoimmunity is also relevant if autologous stem cells [17] or regenerated endogenous beta cells [18, 19] are used. However, despite the importance of the IGRP-specific CD8 + T cell subset for islet pathogenicity, prediction of recurrent autoimmune islet graft failure was not possible based on detection of IGRP-reactive CD8 + T cells in the peripheral blood. Instead, large proportions (up to 51%) of IGRP-specific CD8 + T cells were detected in rejected NODscid-derived islet grafts, consistent with recent findings [20] . These data are surprising because IGRP-specific CD8 + T cells constituted a large proportion of the T cells within the graft itself. They are also unexpected because other investigators have shown the presence of insulin-reactive cells in the peripheral blood of human transplant recipients undergoing recurrent autoimmunity [13] . These differences may be due to the epitope that was studied (IGRP in mice vs insulin B10-18 in humans) or may reflect pathophysiological differences between animal models and humans, such as the relatively compressed kinetics of autoimmune rejection in NOD mice. In mice, the rapid development of post-transplant autoimmunity may have precluded detection in peripheral blood, as we were unable to sample cells at all early time points. The differences between the animal model and humans may also reflect the massive immunodominance of IGRP as an islet epitope in mice and the consequently larger pool of IGRP-reactive memory cells that may render peripheral blood trafficking unnecessary.
As mentioned above, during the development of spontaneous diabetes, unique autoreactive CD8 + T cell subsets predominate at different points in time [4] . Our data were generated for single time points, and therefore it remains unclear whether a particular T cell subset predominates throughout the natural history of the spontaneous disease process in a single animal, or whether different T cell specificities predominate at different times. Our findings suggest that the IGRP 206-214 -reactive T cell subset that is probably immunodominant during the spontaneous disease process is also likely to be immunodominant during recurrent autoimmune rejection. If true, this T cell population may be a useful target for testing therapeutic interventions post-transplantation. The IGRP-reactive CD8 + T cell populations recovered from the islet grafts were often of strikingly high fluorescence intensity (as compared with the staining intensity obtained from isletassociated T cells during the earlier stages of spontaneous diabetes), suggesting that these cells represent a highavidity population that may have been selected from a mixed population of low-and high-avidity T cells during the spontaneous disease process [21] .
The paucity of IGRP-reactive T cells in the peripheral blood during recurrent autoimmunity also suggests that memory IGRP-reactive CD8 + T cells migrate to the transplantation site and proliferate in situ, bypassing the requirement for priming in local lymph nodes and subsequent trafficking through the peripheral blood. In support of this hypothesis, CD8 + T cells recovered from islet grafts were found to be CD62L low , CD69 med and CD44 high (data not shown), suggesting an activated memory phenotype [22] . Alternatively, primed T cells may travel in the circulation, but do so in sufficiently small frequencies, very quickly or at different time points, such that we were unable to detect them.
The proliferation of IGRP 206-214 -reactive CD8 + T cells in islet grafts from BALB/C donors, despite the MHC class II mismatch, could be explained by the presentation of this epitope by H2-K d MHC class I molecules on BALB/C beta cells with subsequent recognition by this CD8 + T cell subset. It is therefore plausible that in this partial mismatch islet allograft, autoreactive CD8 + T cells contribute to graft rejection, and indeed the same may be true in human islet allografts in type 1 diabetes, in which donor and recipient are matched at an HLA-class I allele. More surprising is our finding that expansion of IGRP 206-214 -reactive CD8 + also occurs in islet allografts derived from C57BL/6 donors, which are mismatched at both MHC class I and II loci. This finding suggests either that some T cell proliferation occurs via bystander activation of resident T cells [23] within the islet graft following transplantation, or that IGRP-reactive T cells proliferate following presentation of donor (C57BL/6) beta cell antigen by recipient (NOD) antigen-presenting cells that have invaded the graft. The latter possibility would point to a role for the direct pathway of graft antigen presentation in proliferation of autoreactive T cells.
Our inability to predict impending islet graft failure in syngeneic models via the expansion of autoreactive CD8 + T cells in the peripheral circulation was disappointing, but encouraging results have been shown in humans with the use of the insulin B10-18 epitope [13] . The recent description of other immunodominant HLA class I beta cell epitopes may also improve the peripheral blood detection of autoreactive cells in humans prior to islet graft rejection. Detection of autoreactive T cells in the circulation may be simpler in humans, where rejection is slower and recurrent autoimmunity is only part of the equation. The dissimilarity in findings also highlights possible important differences between the NOD mouse model and human disease. Interestingly, Han and colleagues were able to predict graft rejection following transplant of islet allografts based on an increase in granzyme B mRNA levels in peripheral blood (a marker of cytotoxic CD8 + T lymphocyte and natural killer cell activity), along with other clinical correlates. This suggests that other blood-based predictive tests may be feasible in humans [24] .
